The induction of acrosome reaction (AR) happens when starfish spermatozoa encounter the egg jelly (EJ). This complex process involves different signal transduction pathways, such as elevation of cAMP and the activation of protein kinase A (PKA). The specific inhibitors of PKA (H89 and KT5720) have been shown to inhibit the EJ-induced Ca 2+ elevation and AR. By using a Phospho-Ser/Thr PKA substrate antibody, we have detected an increased phosphorylation of 150, 200 and 220-kDa protein bands when starfish spermatozoa treated with EJ. The specific PKA inhibitors effectively inhibit phosphorylation of these proteins, suggesting an involvement of PKA on EJ-induced AR.
Introduction
The acrosome reaction (AR), an exocytotic event involving the acrosomal vesicle in the sperm head, is essential for fertilization in many species [1] . Furthermore, the AR is known to be a signal transduction event linked to ion fluxes, membrane depolarization, and changes in the intracellular pH and intracellular Ca 2+ concentrations ([Ca 2+ ] i ) [2] [3] [4] .
Among other changes, elevation of cGMP, cAMP, and increases in PKA (protein kinase A) activity also occur during AR [5, 6] . This reaction is initiated when a spermatozoan interacts with egg-derived elements. In the starfish Asterias amurensis, three components of the egg jelly, namely ARIS (acrosome reaction-inducing substance), Co-ARIS, and asterosap (asteroidal sperm activating peptide) cooperatively trigger the AR of spermatozoa [7] .
The phosphorylation of proteins by PKA regulates cell signaling in various cell functions and enables spermatozoa to undergo the AR [8] [9] [10] . The inhibition of AR and the related protein phosphorylation by H89 and Rp-cAMPS, both specific PKA inhibitors [11, 12] , suggest that PKA is involved in these processes. The activation of PKA holoenzymes occurs when cAMP binds to the regulatory subunit of PKA and causes the dissociation of the catalytic subunit. PKA phosphorylates proteins on Serine (Ser) and Threonine (Thr) within the motif Arginine (Arg)-X-X-Ser/Thr (where X represents any amino acid) [13] [14] [15] .
Pre-fertilization events, including capacitation and the AR, have been reported to involve cAMP and PKA in sea urchins, mice and humans [15] [16] [17] . While the importance of the cAMP-PKA system in the sperm AR is well established, relatively little is known about downstream events, such as the regulation of protein phsophorylation in the spermatozoa or changes in protein substrates. From our knowledge to date, few proteins have been identified as substrates for PKA phosphorylation [9, 15, 18] . The work presented here shows that the EJ activates PKA, which in turn phosphorylates some proteins of starfish spermatozoa during AR.
Materials and methods

Materials
Kinase inhibitors, H89 (N-[2-(P-bromocinnamy-amino) ethyl]-5-isoquinolinesulphonamide.2HCl) and KT5720 were purchased from Bio-Mol (Polymouth Meeting, PA, USA) and Calbiochem (La Jolla, CA, USA), respectively. They were dissolved in DMSO at a concentration of 10 mM and 1 mM, respectively, and used as stock solutions. The concentration of DMSO in the incubation media never exceeded 0.2% (v/v), a condition that does not affect the motility of spermatozoa or AR. The catalytic subunit of porcine heart and Pluronic F127 were purchased from Sigma (St. Louis, MA, USA). The antibody raised against the phosphorylated Arg-X-X-Ser/Thr motif (anti-phospho PKA substrate antibody) was from Cell Signaling Technology (USA). Goat anti-rabbit IgG conjugated to horseradish peroxidase was purchased from Santa Cruz Biotechnology Inc. (USA). All other reagents and chemicals were from the highest available quality.
Gametes and modified seawaters
Starfish (A. amurensis) were collected from several locations in Japan and Tasmania. The animals from Tasmania are known to be the offspring of those that invaded from Tokyo Bay [19] , and no significant differences were found between the Japanese and Tasmanian animals. The mature eggs were collected in artificial seawater (ASW) by treating the ovaries with 10 μM 1-methyladenine. Spermatozoa were obtained in the form of 'dry spermatozoa' by cutting the testes and kept on ice until use [20] . Artificial seawater consisted of 430 mM NaCl, 9 mM KCl, 10 mM CaCl 2 , 23 mM MgCl 2 , 25 mM MgSO 4 and 10 mM EPPS (N-2-hydroxyethylpiperazine-N'-3-propane sulphonic acid) for pH 8.2. Low Ca 2+ seawater also treated as ASW but had 1 mM CaCl 2 . Egg jelly was prepared by a previously reported method [21] . The sugar concentration of EJ was determined by a resorcinol-sulfuric acid method, using L-fucose as the standard [22] .
Acrosome reaction assay
Dry spermatozoa were diluted 100-fold in ASW (pH 8.2) and equilibrated for 5 min on ice. For control experiments, EJ was added to the cell suspension and incubated on ice for 5 min as reported [20] . To see the participation of PKA on AR, different concentrations of H89 and KT5720 were mixed with the sperm suspension and incubated on ice for 3 minutes. Following 3 min incubation, EJ (0.1 mg sugar/ml) was added to the suspension and incubated for another 5 min. Then, spermatozoa were fixed by adding 5% glutalraldehyde in ASW, stained with 0.3% erythrosine in 70% ethanol, and observed using Nomarski microscopy. Spermatozoa with an acrosomal process were scored as reactive. More than 200 cells in each sample were examined and experiments were repeated at least thrice with samples from different animals. Batches of spermatozoa in which fewer than 60% of the cells responded to EJ (0.1 mg sugar/ml) were discarded.
[Ca
Dry spermatozoa were diluted 10-fold in low Ca 2+ seawater and incubated for 2 h at 
Preparation of sperm protein
Sperm protein preparation was done as previously described [6] . Briefly, dry spermatozoa were diluted 1:3 (v/v) in ice-cold lysis buffer, and cells were lysed by a sonicator (Branson Sonifer 250, USA). The homogenate was centrifuged at 7500 × g for 15 min at 4
• C and the supernatant was centrifuged at 7500 × g for 15 min for another 30 min as mentioned above. The following supernatant was further clarified by centrifugation at 15000 × g for 5 min at 4
• C. Finally, the supernatant was filtered through a 0.45 μm membrane (Corning Incorporated, USA).
Protein kinase assay
Protein kinase activity was assayed using fluorescent-tagged PKA-specific peptides as previously described [6] . Briefly, all reaction components were added on ice in a final volume of 25 μl of the following mixture: 5 μl of PepTag R PKA reaction buffer, 5 μl of PepTag R A1 (0.4 μg/μl), 5 μl of cAMP (5 μM), and 1-5 μl of sperm protein. The mixture was incubated for 30 min at room temperature. Then, the reaction was stopped by heating at 95
• C for 10 min, and the samples were loaded onto the agarose gel for electrophoresis. PKA specific peptide substrate used in this experiment was PepTag R A1 Peptide, L-R-R-A-S-L-G (Kemptide). The assay was based on the changes in the net charge of the fluorescent PKA substrates before and after phosphorylation. This change allowed the phosphorylated and non-phosphorylated versions of the substrate to be rapidly separated on 0.8% agarose gel containing 50 mM Tris at pH 8.0. The phosphorylated substrate migrated toward the positive electrode, whereas the non-phosphorylated substrate migrated toward the negative electrode.
Quantification of the kinase activity
To quantify the kinase, the negatively charged phosphorylated bands from the gel were collected. The kinase was then measured using the PepTag R for non-radioactive detection of PKA (Promega, Madison, WI, USA) with absorbance at 570 nm. One phosphorylation site exists on each peptide; therefore, the number of moles of peptide present in the negatively charged, phosphorylated bands is equivalent to the number of moles of phosphorylated peptide is computed using Lambert-Beer's Law: A = εBC, where A = absorbance of the sample; ε = the molar absorptivity of the peptide in L mol 
Immunoblotting
Sperm proteins were electrophoresed on 10% SDS-PAGE gel and transferred to PVDF 
Results
Effects of PKA inhibitors on the acrosome reaction
Starfish spermatozoa form a long rod-like acrosomal structure (up to 25 μm) upon AR and can easily be distinguished under the microscope. Non-acrosome reacted spermatozoa does not form this structure at the anterior tip of the head ( Figure 1A ). To examine if PKA is involved in the EJ-induced AR, spermatozoa were treated with specific PKA inhibitors H89 or KT5720, and the AR efficiency was examined. The observed data confirms that EJ can induce 90% AR (spontaneous AR are usually about 2%), when spermatozoa were incubated in normal seawater. On the other hand, H89 or KT5720 suppress the induction of AR in a concentration-dependent manner ( Figure 1B ). The effect is especially evident when the spermatozoa were treated with H89 or KT5720 at 20 μM or 5 μM, respectively ( Figure 1B ).
EJ-induced PKA modulates [Ca
Calcium is an important factor for the induction of AR. The role of cAMP in AR may be to release calcium from an acrosomal store, which is partially inhibited by the PKA inhibitor H89 [23] . This suggested either the existence on the acrosomal membrane of a cAMP-gated calcium channel or a channel opened upon phosphorylation by PKA [15] . To investigate the function of PKA activation for [Ca 2+ ] i elevation, PKA inhibitor KT5720 was added to Fluo-4 loaded spermatozoa before exposure to EJ. In the absence of an inhibitor, EJ (3 ng sugar/ml, final concentration) induced a sustained Ca 2+ elevation (Figure 2) . Pretreatment of spermatozoa with KT5720 for 3 min before adding EJ inhibits the [Ca 2+ ] i elevation in a concentration-dependent mechanism. Fluo-4 loaded spermatozoa as described in Materials and methods were diluted in cuvette containing 1.5 ml of ASW. At the time indicated by the arrow, different concentrations of KT5720 were added (arrow, final concentration) and incubated for 3 minutes. Thereafter, EJ was added (3 ng sugar/ml, final concentration, arrowhead) and [Ca 2+ ] i was measured for 3 minutes. The trace is a representative of at least four experiments.
Effects of PKA inhibitors on the kinase activity
In order to confirm the PKA activity in starfish spermatozoa, kinase activity was measured by fluorescent kemptide with 1 μM cAMP. The PKA substrate incubated with sperm proteins showed remarkable phosphorylation (about 10 pmol/min/μg protein) ( Table 1 ). The presence of PKA inhibitors (H89, at 0-20 μM and KT5720, at 0-5 μM) decreased the phosphorylation of sperm proteins in the presence of substrate and cAMP (Table 1) . We found that 20 μM H89 and 5 μM KT5720 as PKA inhibitors severely suppressed the protein phosphorylation in a concentration-dependent manner (Table 1) .
3.4 Sperm proteins are phosphorylated by PKA when spermatozoa contact to the EJ A phospho-(Ser/Thr) PKA substrate antibody was used to determine the involvement of PKA in phosphorylation. The basal phosphorylation was lower than that observed in EJ-treated spermatozoa. When spermatozoa were treated with starfish EJ, there was an increased phosphorylation of the 150, 200 and 220-kDa protein bands ( Figure 3A ). This EJ-related increase was observed as early as 5 sec after the beginning of the incubation and 150, 200 and 220-kDa proteins were phosphorylated. The rate of phosphoryation of the 150-kDa protein was increased as the incubation period was increased ( Figure 3A) . Blots of sperm proteins incubated with the second antibody alone did not show any band ( Figure 3B ). Values are means ± SD (n = 3). 3.5 EJ-induced PKA activity is involved in the phosphorylation of the Agr-X-X-Ser/Thr motif
In a previous work, we found that EJ components are responsible for the elevation of intracellular cAMP in starfish spermatozoa and this cAMP subsequently enhanced the PKA activity [6] . Experiments with the PKA-specific antibody suggest a role for PKA on AR, as we have found an increased phosphorylation of some proteins ( Figure 3A) . The effects of PKA inhibitors were used to examine the possible roles for PKA on sperm protein phosphorylation of the Arg-X-X-Ser/Thr motif. The phosphorylation of 150, 200 and 220-kDa proteins were significantly inhibited by H89 and KT5720 ( Figure 4A ). The phospholylation ratios inhibited by these inhibitors shown in Figure 4A are also mentioned in Figure 4B . These results suggest that phosphorylation of 150, 200 and 220-kDa proteins by PKA might be involved in the AR. Figure 4A and B) . 
Discussion
In this study, it was shown that PKA-mediated phosphorylation is involved in the EJ-induced AR in starfish spermatozoa. The antibody [Phospho-(Ser/Thr) PKA substrate] against the phosphorylated Arg-X-X-(Ser/Thr) motif was shown to be a potent tool to study PKA substrates. It detects peptides and proteins containing a Phospho-Ser/Thr residue with arginine at the -3 and -2 positions. The antibody does not recognize other potential PKA phosphorylation sites such as KRXT, KRXS, KKXT or KKXS. This antibody only detects PKA phosphorylation not that by PKC, as it was found in sea urchin spermatozoa [15] . An involvement of PKA during AR in starfish spermatozoa has been demonstrated by using PKA inhibitors such as H89 and KT5720 [23] . Using these inhibitors, a significant inhibition of the EJ-induced AR was found ( Figure 1B) . In Figure 4 , it was seen that within 5 sec some proteins are phosphorylated by PKA when spermatozoa comes into contact with the EJ in a fashion similar to sea urchin [15] or human [10] . Without treatment of EJ, these proteins are not phosphorylated. Only a faint phosphorylation of 150-kDa protein was found in the absence of EJ, but this band was heavily labeled as a result of the treatment with EJ. Treatment of spermatozoa, with EJ showed maximal phosphorylation of 150, 200, and 220-kDa proteins. Within 15 sec, EJ activates PKA activity to maximal levels and the AR occurs within 5 sec [24] . We found that these proteins are effectively inhibited by the specific PKA inhibitors, H89 and KT5720, suggesting that these phosphoproteins might have role in the induction of AR in starfish spermatozoa. [24] . Therefore, it might be slightly inhibited the phosphorylation, even the AR itself (data not shown). In a recent report, it was found that inhibition of PKA activity by the H89 blocks the sustained Ca 2+ influx [15] through the second of the two Ca 2+ channels activated in AR induction [24] . Perhaps PKA mediated Ca 2+ influx activates the phosphorylation during EJ-induced AR.
The antibody against the phosphorylated Arg-X-X-(Ser/Thr) motif was shown to be a potent implement to study PKA substrates. For the identification of Ser/Thr-phosphorylated proteins in HeLa and 293T cells, a novel PKA substrate named 'Frigg' with a phosphor-Ser/Thr with an Arg in the -3 position was recognized using this antibody. There was an increase in the phosphorylation of the Arg-X-X-(Ser/Thr) motif in 'Frigg' when this protein was incubated with the catalytic subunit of PKA [14] . Furthermore, forskolin increased the phosphorylation of the Arg-X-X(Ser/Thr) motif in the IP 3 receptors of parotid acinar cells; H89 and Rp-cAMPS inhibited this effect [13] , confirming the involvement of PKA and the use of the antibody to determine PKA substrates in cells. In our experiment, we used the antibody against the Arg-X-X-(phospho-Ser/Thr) motif in combination with some PKA specific antagonists (H89 and KT5720) that inhibits PKA, to study the PKA-dependent phosphorylation during AR. At the present condition it is difficult to reveal that 150, 200, and 220-kDa proteins are directly phosphorylated by PKA. However, these proteins appeared to include this motif characteristic of PKA substrates and recognized by the antibody.
In summary, some proteins that are recognized by the Phospho-Ser/Thr PKA substrate antibody might be involved in the induction of AR of starfish spermatozoa. Identification of these proteins could give more detailed information about cAMP-PKA mediated signaling in AR.
